Abstract: We propose a novel method of in-band estimation of optical signal-to-noise ratio (OSNR) using a digital coherent receiver, where OSNR is determined from second-and fourth-order statistical moments of equalized signals in any modulation format. Our proposed method is especially important in recently-developed Nyquist wavelength-division multiplexed (WDM) systems and/or reconfigurable optical-add/drop-multiplexed (ROADM) networks, because in these systems and networks, we cannot apply the conventional OSNR estimation method based on optical-spectrum measurements of the in-band signal and the out-of-band noise. Effectiveness of the proposed method is validated with computer simulations of Nyquist-WDM systems and ROADM networks using 25-Gbaud quadrature phase-shift keying (QPSK) and 16 quadrature-amplitude modulation (16-QAM) formats.
1. Introduction
General Background
In long-haul optical transmission systems and networks, erbium-doped fiber amplifiers (EDFAs) compensate for loss of optical fibers for transmission and photonic-node components; then, the optical signal is contaminated by amplified-spontaneous-emission (ASE) noise accompanied with optical gain. The quality of the optical signal is generally assessed by means of optical signal-tonoise ratio (OSNR) which is defined as the ratio of the signal power and the ASE noise power in a reference optical bandwidth. OSNR is one of the key parameters for optical performance monitoring, which enables fault management of optical transmission systems and networks including fault diagnosis and localization [1] .
In a conventional wavelength-division-multiplexed (WDM) system employing guard bands between WDM channels, the most common method of OSNR estimation is based on optical spectral analyses of out-of-band ASE noise between WDM channels [2] . Fig. 1(a) shows spectra of WDM channels (blue curve) and ASE noise (red curve) in the conventional WDM system. We measure power spectral densities in guard bands at i AE Á, where i is the central wavelength of a target WDM channel and Á is generally set to the half of the WDM channel spacing. From such power spectral densities of the out-of-band ASE noise, we estimate the power spectral density of ASE noise in the signal bandwidth. Then, OSNR is obtained as the ratio of the signal power to the in-band ASE noise power.
On the other hand, Fig. 1 (b) shows spectra of WDM channels (blue curve) and ASE noise (red curve) in Nyquist-WDM systems. We cannot measure the out-of-band ASE noise, since there is no guard band between WDM channels. Fig. 1(c) shows those in reconfigurable optical-add/dropmultiplexed (ROADM) networks, where the optical signal is filtered by an add/drop optical filter at every node. Therefore, out-of-band ASE noise is cut off, while the amount of in-band ASE noise strongly depends on the network path that the wavelength channel travels through. Thus, the conventional OSNR estimation method fails both in Nyquist-WDM systems and ROADM networks. Therefore, a novel OSNR estimation method applicable to such systems and networks is strongly desired.
Our Proposed OSNR Estimation Method
Recent advancement of digital coherent technologies enables optical performance monitoring by digital signal processing (DSP) of the received signal [3] - [5] . As of the OSNR estimation in digital coherent receivers, generally two approaches have been investigated so far: One is the data-aided estimation [6] , [7] , and the other is the non-data-aided estimation [8] - [10] ; however, the data-aided OSNR estimation method has drawbacks that it requires the modification of transmitters and reduces the spectral efficiency.
In our previous work [8] , we proposed a non-data-aided OSNR estimation scheme based on measuring the second-and fourth-order statistical moments of equalized signals in digital coherent receivers. The performance of such OSNR estimation is inherently insensitive to the phase noise of transmitter lasers and local oscillators, since it involves only the measurement of second-and fourth-order moments. Also, it is not affected by linear fiber transmission impairments such as chromatic dispersion (CD) and polarization-mode dispersion (PMD), because OSNR estimation is done after adaptive equalization. However, the proposed method has been applicable only to the quadrature phase-shift keying (QPSK) signal and its effectiveness has been demonstrated only in the conventional WDM system shown in Fig. 1(a) .
In this paper, maintaining the above-mentioned advantages, we extend our previous scheme so that it can be applied to multi-level vector modulation formats such as the M-ary PSK (M-PSK) format and the M-ary quadrature-amplitude-modulation (M-QAM) format where M ! 4. In the newly-developed algorithm, we need to change only one constant parameter, that is, kurtosis of Fig. 1 . Optical spectra in (a) conventional-WDM systems having guard bands, (b) Nyquist-WDM systems without any guard band, and (c) ROADM networks. Blue curves show WDM signal spectra, whereas red ones ASE-noise spectra. In (a), the spectral density of the in-band ASE noise is determined from that of the out-of-band ASE noise. In (b), there is no guard band between WDM channels. In (c), the out-of-band ASE noise is filtered out at each node, and the amount of the in-band ASE noise depends on the wavelength path. Therefore, in (b) and (c), we cannot apply the conventional approach for OSNR monitoring.
prescribed signal constellation points, in order to select a particular modulation format. We perform extensive computer simulations using 25-Gbaud QPSK and 16-QAM formats and verify the effectiveness of the proposed method. Through such computer simulations, OSNR estimation in Nyquist-WDM systems and ROADM networks is successfully demonstrated for the first time to the best of our knowledge. OSNR is estimated with very good accuracy over a wide range for both of the cases.
The organization of our paper is as follows: In Section 2, analyzing statistical properties of the signal and ASE noise, we derive the formula for estimating OSNR from the equalized signal in digital coherent optical receivers. To verify the effectiveness of the proposed scheme, we perform numerical simulations using QPSK and 16-QAM signals in point-to-point Nyquist-WDM systems (Section 3) and ROADM networks (Section 4). Finally, Section 5 concludes our paper. Fig. 2 shows the schematic of the coherent optical receiver employing phase and polarization diversities and typical DSP stages for data recovery in polarization-division multiplexed transmission systems [11] . For OSNR monitoring, we use the signal at the adaptive equalizer output. The digital filters used in the equalizer can compensate for a large amount of linear fiber transmission impairments without any notable penalty [12] and the signal at this stage is mainly contaminated by ASE noise. Therefore, the output of the adaptive equalizer is the earliest stage of the DSP chain where the OSNR estimation is done. In addition, DSP stages for frequency-offset compensation and carrier-phase estimation can be placed after the OSNR estimation stage.
Principle of Proposed OSNR Estimation Scheme
The output signal from the adaptive filter can be approximated as
where a n is the M-PSK or M-QAM symbol amplitude, C the signal-power scale factor, N the noisepower scale factor, w n the ASE noise, n the phase noise stemming from phase fluctuations of a transmitter laser and a local oscillator, and n the number of samples. When we neglect the polarization-dependent loss (PDL), the coherent optical channel has the all-pass nature; and thus, the equalizer has an impulse response of an all-pass filter [13] . Under such a condition, we find that the stochastic property of the ASE noise w n at the equalizer output is the same as that at the input [14] . Therefore, we can regard that the symbol amplitude a n and the noise amplitude w n are stochasticallyindependent random variables with a zero-mean value. The second-order moment 2 of y n can be expressed as
where E fÀg represents the ensemble average and the superscript ðÀÞ Ã denotes the complex conjugate. Since the signal and the noise obey a mutually-independent complex-valued stochastic process, we have E a n e j n w
We also assume that the signal a n and the noise w n are normalized to have an equal variance given by
Thus, we can rewrite Eq. (2) as
and the carrier-to-noise ratio (CNR) is expressed as
On the other hand, the fourth-order moment 4 of y n can be written as
E a n a Ã n a n e j n w
In Eq. (8), since
we have E a n a Ã n a n e j n w
E w n w Ã n a n e j n w
Also note that the real part a nI and the imaginary part a nQ of a n are uncorrelated in M-ary PSK and M-ary QAM signals when M ! 4. Then, we find that E a n e j n w
Similarly, we have
In addition, it is evident that E a n a
Taking all of these equations into consideration, we can simplify Eq. (8) as
where
and
are kurtoses of the signal and the noise, respectively. The Gaussian distribution of ASE noise yields k w ¼ 2. Solving Eqs. (6) and (20), we obtain
Therefore, determining 2 and 4 from experimental results and using Eqs. (7), (23) and (24), we can estimate CNR as
In a practical system, we can calculate second-and fourth-order moments from a received data block of L symbols as
respectively. As shown in Eqs. (26) and (27), measuring second-and fourth-order moments does not include any effect of the phase noise and thus the proposed scheme operates phase insensitively. Equation (25) is a generalized equation to calculate CNR of any arbitrary modulation format. The value of k a is dependent on the modulation format; for example, in the case of QPSK, we have k a ¼ 1 since a n 2 f1; À1; j; Àjg. Then, CNR is expressed as
On the other hand, for the 16-QAM signal, since a n 2 fAE1 AE i; AE1 AE 3i; AE3 AE i; AE3 AE 3ig, k a ¼ 1:32. Then, CNR is given as
We can thus cope with any arbitrary modulation format just by changing the value of k a . When the launched power is so low that fiber nonlinear effects can be neglected, the OSNR value in dB can be estimated from the CNR value [15] as
where R s is the symbol rate and ðR s =B r Þ is a scaling factor adjusting the measured noise bandwidth to the reference bandwidth B r . The bandwidth B r is usually set to 12.5 GHz, which is equivalent to the 0.1-nm OSA resolution bandwidth.
Simulation Results for Nyquist-WDM Systems
In order to confirm the effectiveness of our proposed method for estimating OSNR in Nyquist-WDM systems, we conduct computer simulations under the following conditions: Each wavelength channel consists of a dual-polarization single-carrier 25-Gbaud QPSK signal (i.e., the bit rate ¼ 100 Gbit/s) or a dual-polarization dual-subcarrier 25-Gbaud 16-QAM signal (i.e., the bit rate ¼ 400 Gbit/s). At the transmitter, the spectrum of the signal on each carrier or subcarrier is shaped by the Nyquist filter with a roll-off factor of zero. The channels thus obtained are aligned in the frequency domain without any guard band. As system impairments, CD, the laser phase noise, and the ASE noise are taken into account. Assuming that the ASE noise is white Gaussian noise, we control OSNR by changing its average power. At the receiver side, the signal is detected by an optical homodyne receiver and delivered to the DSP circuit as shown in Fig. 2 . In the DSP circuit, the signal on each carrier or subcarrier are separated by the Nyquist filter with a roll-off factor of zero; then, the separated signal is two-fold oversampled and fed into a 21-tap half-symbol-spaced finite-impulse-response (FIR) filter, which is adapted by the constant-modulus algorithm (CMA) [16] for the QPSK signal or the radial-directed equalization (RDE) algorithm [17] for the 16-QAM signal.
From the equalized signal, we estimate OSNR using Eqs. (28)-(30). Fig. 3 shows OSNR-estimation results for the QPSK format. OSNR values estimated by our proposed algorithm are plotted as a function of the setup value of OSNR. In Fig. 3(a) , the red curve is obtained when only the ASE noise is considered and CD and the phase noise are ignored. In the calculation of the blue curve, the 3-dB linewidth f for the transmitter laser as well as the local oscillator is 500 kHz and CD is ignored. The black curve is obtained when f ¼ 500 kHz and CD ¼ 500 ps/nm. For all of the three cases, estimated OSNR values are very close to setup OSNR values, proving that accurate OSNR estimation is done independently of the phase noise and CD. As shown in Fig. 3(b) , the maximum value of estimation error, which is defined as the deviation of the estimated value from the setup value, is found below 0.2 dB over the OSNR estimation range from 6 to 15 dB. Fig. 4 shows estimation results of OSNR per subcarrier for the 16-QAM format. In Fig. 4(a) , the red curve is calculated when only ASE noise is included and CD and the phase noise are ignored. The blue curve is obtained when f ¼ 150 kHz and CD ¼ 0. The black curve is obtained when f ¼ 150 kHz and CD ¼ 500 ps/nm. Accurate estimation is found over a wide range of OSNR for all of the three cases. As shown in Fig. 4(b) , the maximum estimation error is found less than 0.6 dB.
It is important to note here that we consider ideal Nyquist-pulse generation by using a roll-off factor of 0. However, if we increase the roll-off factor for pulse shaping in Nyquist-WDM systems, it causes inter-channel crosstalk. The estimation error due to such crosstalk is determined by the rolloff factor and we can calibrate it out in estimating the OSNR. 
Simulation Results for ROADM Networks
We also confirm effectiveness of our proposed method in the simplest ROADM network as follows: WDM signals for OSNR evaluation are the same as those in Section 3. A channel is added to the network from a photonic node. The photonic node includes an optical filter whose transfer function is given by the 4-th order super Gaussian function. The 10-dB bandwidth of the optical filter is set to 50 GHz and 75 GHz for the QPSK and 16-QAM systems, respectively. With such a filter, the wavelength channel is filtered; thus, the out-of-band noise is cut off at the node. Then, the signal passes through an optical-repeater span composed of a single-mode fiber (SMF) and an EDFA. The span loss is 20 dB and fiber nonlinearity is neglected. The EDFA has the noise figure of 4 dB and compensates for the loss of 20 dB. The power launched on the SMF is fixed at -6 dBm per subcarrier and per polarization. Each node is connected every four optical-repeater spans. After passing through multiple nodes, the signal is dropped and detected by a coherent optical homodyne receiver and delivered to the DSP circuit. The configuration of the DSP circuit is the same as that in Section 3.
To evaluate the effectiveness of the proposed scheme, we plot OSNR as a function of the number of traversed nodes. Fig. 5(a) shows such results for the QPSK modulation format. The estimated OSNR value is very close to the delivered OSNR, which can be calculated by the given system parameters [18] . Fig. 5(b) shows OSNR per subcarrier for the 16-QAM modulation format. We find that the estimated OSNR has good accuracy.
Conclusion
We have proposed a novel in-band OSNR-estimation technique, where OSNR is obtained from statistical moments of the equalized signal in coherent optical receivers. This method is applicable to Nyquist-WDM systems and ROADM networks, where we cannot apply the conventional OSNRestimation method using out-of-band noise measurements. Computer simulations show the very good estimation performance in point-to-point Nyquist-WDM systems and ROADM networks employing QPSK and 16-QAM formats.
